Objective: Phenobarbital is the most commonly utilized drug for the treatment of neonatal seizures. The use of phenobarbital continues despite growing evidence that it exerts suboptimal seizure control and is associated with long-term alterations in brain structure, function, and behavior. Alterations following neonatal phenobarbital exposure include acute induction of neuronal apoptosis, disruption of synaptic development in the striatum, and a host of behavioral deficits. These behavioral deficits include those in learning and memory mediated by the hippocampus. However, the synaptic changes caused by acute exposure to phenobarbital that lead to lasting effects on brain function and behavior remain understudied. Methods: Postnatal day (P)7 rat pups were treated with phenobarbital (75 mg/kg) or saline. On P13-14 or P29-37, acute slices were prepared and whole-cell patchclamp recordings were made from CA1 pyramidal neurons. Results: At P14 we found an increase in miniature inhibitory postsynaptic current (mIPSC) frequency in the phenobarbital-exposed as compared to the salineexposed group. In addition to this change in mIPSC frequency, the phenobarbital group displayed larger bicuculline-sensitive tonic currents, decreased capacitance and membrane time constant, and a surprising persistence of giant depolarizing potentials. At P29+, the frequency of mIPSCs in the saline-exposed group had increased significantly from the frequency at P14, typical of normal synaptic development; at this age the phenobarbital-exposed group displayed a lower mIPSC frequency than did the control group. Spontaneous inhibitory postsynaptic current (sIPSC) frequency was unaffected at either P14 or P29+. Significance: These neurophysiological alterations following phenobarbital exposure provide a potential mechanism by which acute phenobarbital exposure can have a long-lasting impact on brain development and behavior.
| INTRODUCTION
The treatment of epilepsy in early life is complicated by the fact that therapeutic interventions can adversely affect brain maturation. The exquisite sensitivity of the developing brain to perturbations in the balance of excitation and inhibition can result in even transient alterations producing long-lasting effects. This balance is the target of many antiseizure medications, including phenobarbital, the most commonly utilized drug for the treatment of neonatal seizures. 1 The use of phenobarbital continues in neonatal neurology despite compelling evidence that (1) it provides insufficient seizure control, 2 and (2) it is associated with long-term alterations in cognitive function. 3 To understand the impact of phenobarbital, and other antiseizure medications, on brain development, preclinical screening models have been employed. Treatment of rodents during the "brain growth spurt" occurring in the first postnatal week is thought to mirror a period spanning the third trimester of gestation through early infancy in humans. 4 Exposure to phenobarbital during this confined neonatal period produces a variety of sequelae. First, phenobarbital, as well as therapeutically relevant doses of phenytoin, clonazepam, diazepam, vigabatrin, retigabine, and sodium valproate, produce a profound increase in the magnitude of developmental apoptosis. [5] [6] [7] [8] While pruning of neurons is a normal part of postnatal brain development, the increased apoptosis caused by these drugs exceeds that seen in normal brain development by as much as 10-fold. Similar effects have been reported following postnatal exposure to ethanol 9 and anesthetic agents. 10 Enhanced apoptosis has been described in both the developing gray and white matter, with regions such as the striatum, thalamus, and hippocampus showing particularly high degrees of cell death. However, the amount of cell loss observed is likely insufficient to account for long-term neurobehavioral changes. Second, phenobarbital, as well as phenytoin and lamotrigine, induces a profound impairment in striatal synaptic development. 11, 12 Strikingly, a single exposure to phenobarbital on postnatal day (P)7 disrupted the normal increase in the frequency of both inhibitory and excitatory postsynaptic currents in striatal medium spiny neurons. 11 This co-occurred with a persistence of immature structural phenotypes of dendritic spines, with effects far outlasting the initial drug exposure. 11 Consistent with this impaired striatal function, lasting deficits in striatal-mediated reversal learning behavior were reported. 11 This alteration in function of neurons that survive the initial proapoptotic insult may provide a link between early life drug exposure and later-in-life behavioral changes.
Third, phenobarbital, and several other antiseizure medications induce long-lasting alterations in behavior. [13] [14] [15] [16] [17] [18] Deficits in a variety of hippocampal-mediated behaviors have been reported, including impaired: water maze learning, 14, 19 fear conditioning, 14 passive avoidance learning, 15, 16 Y maze and radial arm maze performance, 18, 20 and sensorimotor gating. [12] [13] [14] [15] [16] However, the impact of neonatal phenobarbital exposure on the synaptic development within the hippocampus has not been evaluated previously.
To begin to understand how early life exposure to phenobarbital can affect behaviors later in life, we examined the synaptic physiology of neurons in CA1 after a single earlier-in-life phenobarbital treatment. We examined the frequency, amplitude, and kinetics of spontaneous and miniature inhibitory postsynaptic currents in acute slices through CA1, 1 week and 3-5 weeks after exposure to phenobarbital. We also examined the impact of phenobarbital treatment on tonic c-aminobutyric acid (GABA) currents and on the presence of giant depolarizing potentials (GDPs), which are large GABAergic currents that serve as an organizing hallmark of hippocampal physiology early in postnatal development. 21 
| MATERIALS AND METHODS

| Animals
Timed-pregnant Sprague-Dawley rats were obtained from Harlan Laboratories (Indianapolis, IN, USA). Upon arrival at Georgetown University, they were housed on a standard 12:12 h light/dark cycle with food and water available ad libitum. The day of parturition was designated as postnatal day (P) 0. Eight independent litters contributed to this study, with a single pair of animals from each litter (one saline, one phenobarbital) used for each experiment. The procedures described in this manuscript were performed with approval of the Georgetown University Institutional Animal Care and Use Committee. 
| Systemic drug treatment
Sodium phenobarbital (75 mg/kg; 5-ethyl-5-phenyl-1,3-diazinane-2,4,6-trione; Sigma, St. Louis, MO, USA) was dissolved in normal (0.9%) saline. The drug was injected intraperitoneally at a volume of 0.01 mL/g. This dose of phenobarbital was selected based on prior reports of phenobarbital efficacy in developing animals and falls within the anticonvulsant range in neonatal rats. 22, 23 This dose was also selected based on its ability to induce neuronal apoptosis 5 and to impair striatal synaptic maturation.
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On P7, animals were briefly removed from their dam, weighed, and treated. Following treatment, pups were maintained with their dam until P13-P14, at which time they were used for electrophysiological experiments; 8 pups of each treatment were used for these experiments. For adult recordings, pups were weaned at P21-23 and pair housed until the day of the experiment (P29-35).
| Brain slice preparation
Horizontal slices (275-lm-thick) through the hippocampus were prepared from postnatal day 13-14 (P13-14, juvenile) or P29-35 (adult) male and female rats. Rats were anesthetized with isoflurane and killed by decapitation in agreement with the guidelines of the American Veterinary Medical Association Panel on Euthanasia. All animal procedures were performed in accordance with Georgetown University's animal care committee's regulations.
For the juvenile animals, the whole brain was removed and placed in an ice-cold cutting solution containing (in mM): NaCl (87.3), KCl (2.7), CaCl 2 (0.5), MgSO 4 (nonhydrate) (6.6), NaH 2 PO 4 (1.4), NaHCO 3 (26.0), glucose (25.0), sucrose (75.1) (all from Sigma, St. Louis, MO, USA). A Vibratome 3000 Plus Sectioning System (Vibratome, St. Louis, MO, USA) was used to prepare slices. The slices were incubated in artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl (123.9), KCl (4.5), Na 2 HPO 4 (1.2), NaHCO 3 (26.0), CaCl 2 (2.0), MgCl 2 (1.0), and glucose (10.0) at 305 mOsm at 32°C for 30 minutes. The slices were then incubated for an additional 30 minutes in the same solution at room temperature. All solutions were continuously bubbled with 95% O 2 /5% CO 2 to maintain a pH of 7.4.
Adults female and male rats were anesthetized with isoflurane and perfused using a protective recovery solution 24 As with the young animals, the rats were decapitated and the whole brains were removed and placed in ice-cold recovery solution. As with juvenile slices, a vibratome was used to prepare 275-lm hippocampal horizontal slices. (2) at 305 mOsm and pH 7.4. After an hour-long incubation, electrophysiology recordings were performed in aCSF as described with the young rats.
| Recording
Slices were visualized using an upright microscope (E600FN, Nikon, Tokyo, Japan) equipped with Nomarski optics and a 609 water immersion objective with a long working distance (2 mm) and high numerical aperture (1.0). Recording electrodes with a resistance of 4-6 MO were prepared from borosilicate glass capillaries (Wiretrol II; Drummond, Broomall, PA, USA).
A KCl-based internal solution containing (in mM): KCl (145), HEPES (10), ATP-Mg (5), GTP-Na (0.2), and EGTA (10) and adjusted to pH 7.2 with KOH was used for all recordings. Voltage-clamp recordings were achieved using the whole-cell configuration method at a holding voltage of À60 mV using the MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA).
All recordings were performed at room temperature, 22-24°C. Recordings were performed from pyramidal cells in the CA1 region of the hippocampus. The firing pattern in response to hyperpolarizing and depolarizing current injections was obtained. Access resistance was monitored periodically during the experiment and recordings with a >20% change were discarded. Recordings were filtered at 2 kHz with a low-pass Bessel filter and digitized at 20 kHz using a personal computer equipped with Digidata 1440A data acquisition board and pCLAMP10 software (both from Molecular Devices).
Stock solutions of bicuculline methobromide (BMR) and tetrodotoxin (TTX; both from Sigma) were prepared in water. Working solutions were prepared in aCSF and applied to the slice via Y tube (Murase).
| Data analysis
Data analysis was performed using Clampfit 10 software (Molecular Devices). Spontaneous inhibitory postsynaptic currents (sIPSCs) and miniature inhibitory postsynaptic currents (mIPSCs) were detected using template search in the Clampfit 10 software and were visually confirmed. All detected events were used to calculate IPSC frequency; however, for amplitude and decay kinetics, superimposing AL-MUHTASIB ET AL. events were excluded. Decay kinetics were measured using double exponential fitting as described previously. 25 NBQX (2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide) was not included during IPSC measurements to avoid perturbing the network activity. However, AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor-mediated spontaneous excitatory postsynaptic currents (EPSCs) could easily be identified by the rapid decay kinetics and were thus excluded from the IPSC analysis as described previously.
11 mIPSCs were isolated by application of TTX (0.5 lmol/L), with an average of 60 events per cell used for frequency analysis. BMRsensitive tonic GABA currents were revealed by application of BMR (25 lmol/L) on the background of TTX, and the shift in baseline holding current was measured from the peak histogram of the current trace in the period immediately preceding (10 s) and after (10 s) BMR application. During application of BMR, IPSCs were abolished. During PSC detection, GDPs were excluded from measurements of frequency, decay, and amplitude.
Resistance and capacitance were measured at a resting membrane potential of À60 mV from the voltage response to À10 pA hyperpolarizing currents. Current-voltage (I-V) relation analysis was performed by manual counting of action potentials at each depolarizing current step. This was performed by 2 independent evaluators. Similarly, the presence of GDPs was evaluated by 2 observers; only events >10 mV in amplitude were included. In cases where spikes were present on top of a GDP, the amplitude was measured from the preceding baseline to the peak between spikes. GDPs were also distinguished from unitary IPSCs based on their longer duration and greater amplitude. Data analysis was performed while investigators were blinded to the treatment status of the animal.
| Statistical analysis
Data were analyzed using GraphPad Prism (Version 7.0c, GraphPad Software, La Jolla, CA, USA). Prior to analysis, all data were subjected to normality testing (D'Agostino and Pearson's test or Kolmogorov-Smirnov's test). Current (sIPSC, mIPSC, tonic) analyses and intrinsic membrane properties were then analyzed by 2-way analysis of variance (ANOVA) with age and treatment as between subject factors. For the proportion of cells displaying GDPs, Fisher's exact test was used. Finally, for current-voltage relationship analyses, a repeated-measures ANOVA was used (treatment as a between-subject factor, stimulus intensity as a repeated measure). For pairwise comparisons (HolmSidak corrected), we tested only the comparisons for which we had a priori hypotheses (drug treatment as a function of age, and drug treatment within age). Two-tailed tests were used for all comparisons aside from current frequency, where we had a clear a priori directional hypothesis (ie, the frequency of IPSCs increases with age). P-values <.05 were considered statistically significant.
Figures display box-and-whisker plots (minimum to maximum) or histograms (mean + standard error of the mean). Values in the text report mean AE standard deviation.
| RESULTS
As shown in Figure 1 , at both ages examined, cells from control animals and those from animals treated with phenobarbital displayed equivalent excitability in current injection protocols conducted in current clamp mode. Increasing amplitude of depolarizing current steps was associated with a significant increase in the number of action potentials fired (F 2.48,96.8 = 96.8, P < .0001); however, there was not a main effect of drug treatment (F 1,39 = 0.007, P = .94), a main effect of age (F 1,39 = 0.208, P = .65), or any significant interactions between these variables (P's > 0.70). Example traces from cells from a saline-treated (light blue) and phenobarbital treated (dark blue) animal at P14 are shown in Figure 1A and summary data are presented in Figure 1B .
We examined passive membrane properties of CA1 neurons from animals treated with saline or phenobarbital. Although not reaching the level of statistical significance, there was a trend toward an increase in input resistance ( Figure 1C ) as a function of age (F 1,39 = 0.31, P = .08), but neither a main effect of treatment (F 1,39 = 0.21, P = .65) nor a treatment-by-age interaction (F 1,39 = 0.099, P = .76). The input resistance of these cells did not differ between treatment groups ( Figure 1C , saline, P14 = 201 AE 81 MΩ; P29 + = 261 AE 82 MΩ; phenobarbital, P14 = 223 AE 74 MΩ; P29 + = 265 AE 121 MΩ).
Analysis of the membrane time constant ( Figure 1D ) revealed a significant interaction between age and treatment (F 1,37 = 5.39, P = .026), but neither a significant main effect of age (F 1,37 = 0.82, P = .37) nor treatment (F 1,37 = 0.42, P = .52). This interaction was due to the significant difference between phenobarbital-(9.8 AE 3.7 msec) and saline-(15.6 AE 6.6 msec) treated conditions at P14 (P < .05), and a significant increase in time constant in the phenobarbital group between P14 (9.8 AE 3.7 msec) and P25 (16.1 AE 7.7; P < .05). As with the time constant, capacitance displayed a significant interaction between treatment and age (F 1,37 = 9.97, P = .0032), but neither a main effect of treatment (F 1,37 = 0.15, P = .70) nor age (F 1,37 = 0.57, P = .45). This was driven by a significant difference between phenobarbital-(phenobarbital: 48 AE 23 pF) and saline-treated groups (saline: 84 AE 34 pF) at the P14 time point. There was a nonsignificant trend toward decreased capacitance in the saline-treated group as a function of age (P14 = 84 AE 34 pF; P29 + = 43.9 AE 7.6 pF; P = .058).
To determine if exposure to phenobarbital altered sIPSCs we measured their frequency and amplitude in 26 cells from saline-treated animals (n = 5) at P14, 29 cells from phenobarbital-treated animals (n = 5) at P14, 17 cells from saline-treated animals (n = 3) at P29+, and 13 cells from phenobarbital-treated animals at P29+ (n = 3). As shown in the example in Figure 2A and summary data Figure 2B , sIPSC frequency did not differ as a function of treatment (F 1,81 = 2.14, P = .15) or age (F 1,81 = 1.79, P = .18). Moreover, there was no interaction between age and treatment (F 1,81 = 2.66, P = .11). The mean (AE standard deviation) of sIPSC frequency was 1.8 AE 1.3 and 2.6 AE 1.1 Hz in cells from salinetreated animals at P14 and P29+, respectively. sIPSC frequency was 1.9 AE 1.1 and 1.8 AE 0.75 Hz in cells from phenobarbital-treated animals at P14 and P29+, respectively.
Analysis of sIPSC amplitude ( Figure 2C ) revealed a significant main effect of treatment (F 1,81 = 5.48, P = .022) and a significant treatment-by-age interaction (F 1,81 = 4.6, P = .04), but no effect of age (P = .10). These effects were driven by a significant increase in sIPSC amplitude in the saline-treated group from P14 to P29+ (55.3 AE 31.6 vs 82.1 AE 36.2 pA; P < .05). This developmental increase was absent in phenobarbital-treated animals (53.8 AE 29.2 vs 50.3 AE 26.8 pA, P = .73). This difference in developmental trajectory led to a significant difference between saline-and phenobarbital-treated groups at P29+ (P < .05).
We next examined the impact of P7 phenobarbital treatment on mIPSCs, recorded in the presence of tetrodotoxin (0.5 lmol/L), from 22 cells from saline-treated animals at P14, 21 cells from phenobarbital-treated animals (n = 5) at P14, 15 cells from saline-treated animals at P29+, and 8 cells from phenobarbital-treated animals at P29+ Figure 3A . Analysis of variance revealed a significant age-by-treatment interaction (F 1,62 = 11.15 P = .0014), but neither a significant main effect of treatment nor age (Ps < 0.34). The interaction effect was driven by a significant (P < .05) developmental increase in mIPSC frequency that was evident in saline-treated (0.73 AE 0.37 Hz vs 1.3 AE 0.75 Hz) but not phenobarbital-treated (1.03 AE 0.46 Hz vs 0.72 AE 0.25 Hz) groups ( Figure 3B ). Moreover, salineand phenobarbital-treated groups differed significantly at both P14 and P29+; at P14, the phenobarbital-treated group displayed a higher mIPSC frequency, whereas at P29+ the phenobarbital-treated group displayed a lower mIPSC frequency. As with sIPSC amplitude, we found that mIPSC amplitude increased in the saline, but not phenobarbitaltreated conditions between P14 and P29+ ( Figure 3C , P < .05). This was evident in the significant age-by-treatment interaction (F 1,62 = 4.37, P = .041); neither the main effect of treatment nor of age reached the level of statistical significance (Ps < 0.19). mIPSC decay was significantly quickened from P14 to P25, but did not differ across treatments ( Figure 3D ). This was revealed by a significant main effect of age (F 1,62 = 142.9, P < .0001), but neither a main effect of treatment nor a treatment-by-age interaction (Ps < 0.47). Both the saline-and phenobarbital-treated groups showed faster decay kinetics at P29+ as compared to P14 (saline: 36 AE 6 msec vs 20 AE 2 msec; phenobarbital: 35 AE 6 msec vs 18 AE 2 msec at P14 and P29+, respectively; P's < 0.0001).
We next examined the effect of P7 exposure to phenobarbital on tonic GABA currents. Presence of tonic current was revealed by Y-tube application of the GABA A receptor antagonist bicuculline methobromide (25 lmol/L) as in the examples from the P14 animals in Figure 4A . As shown in Figure 4B , in cells (n = 21) from control animals at P14, the mean amplitude of tonic current was 12 AE 8 pA, whereas in cells from animals treated with phenobarbital (n = 24), the mean amplitude was 20 AE 10 pA. At P29+, the tonic current was decreased in both the saline (n = 10; 5 AE 5 pA) and phenobarbital (n = 9; 4 AE 2 pA) groups when compared to the P14 time point (P = .012 and P < .0001, respectively). ANOVA revealed a significant main effect of age (F 1,63 = 31.35, P < .0001) and a significant age-by-treatment interaction (F 1,63 = 4.6, P = .037), but no main effect of treatment (P = .11). Pairwise comparisons also revealed a significantly greater tonic current in phenobarbital, as compared to saline groups at P14 (P < .05). One cell from the saline-treated group was removed from analysis, as it was a statistical outlier (ROUT [robust regression and outlier removal] test). This had no impact on the statistical significance.
During the above experiments at P14, we noted the occasional presence of giant depolarizing events in either current-or voltage-clamp as in the examples shown in Figure 5A ,E-F. We analyzed recordings from 22 control cells and 22 cells from phenobarbital-treated animals. These events are reminiscent of the GDPs that have been welldescribed in the developing hippocampus, most notably in the early postnatal period (eg, during the first postnatal week). 21, 26, 27 We calculated the proportion of recorded cells within an animal that displayed GDPs ( Figure 5C ); the mean percentage of cells with at least one GDP was 25% in saline-treated animals, and 73.3% in phenobarbital-treated animals.
F I G U R E 2 Spontaneous IPSCs are
unaltered by developmental exposure to phenobarbital. A, Representative sIPSCs from cells from a saline-and a phenobarbital-treated animal at each age. B, sIPSC frequency and C, amplitude did not differ between treatment groups at P14. From P14 to P29+, a developmental increase in sIPSC amplitude was evident in the saline-exposed group, but not in the phenobarbital-exposed group. This resulted in a significantly smaller sIPSC amplitude in phenobarbital, as compared to salineexposed animals at P29+ (P < .05). * = significantly different than saline within age group, P < .05; # significantly difference between P14 and P29+ for a given drug treatment, P < .05
This reached the level of statistical significance (t = 3.714, df = 8, P < .01). GDPs were present in cells from all animals treated with phenobarbital, and in 4 of 5 animals treated with saline. The proportion of total cells displaying GDPs differed significantly across treatments ( Figure  5D -E, Fisher's exact test, P < .01). As shown in Figure 5E , the amplitude of GDPs did not differ significantly between treated groups (saline: 24.4 AE 13.2 mV; phenobarbital: 22.3 AE 8.5 mV; U = 37, P > .999).
In most cases, only a small number of GDPs were detected per cell. This, coupled with the relatively short duration of recordings (<5 min) we employed (as analysis of GDPs was not an a priori goal of these experiments), precluded a systematic analysis of GDP frequency. In some cases, (eg, the example shown in Figure 5A ), the frequency of GDPs was as high as~0.1 Hz. A representative GDP recorded in current clamp is shown in Figure 5B . GDPs were never observed after Y-tube application of TTX and BMR, consistent with a network driven, GABA-mediated phenotype.
| DISCUSSION
Here we have shown that a single P7 exposure to phenobarbital induces a dysregulation of hippocampal synaptic development. This effect was characterized by increased mIPSCs and GABA-mediated tonic currents in CA1 pyramidal neurons at P14, increased detection of GDPs in animals exposed to phenobarbital at P14, and a failure of phenobarbital exposed animals to show the normal developmental increase in mIPSC frequency between P14 and P29. These data demonstrate that even an acute exposure to PB can produce lasting changes, with consequences of exposure long outlasting the duration of drug action. Thus the previously reported transient increases in apoptosis caused by phenobarbital likely represent only the first signs of damage, with network reorganization and synaptic alterations outlasting the initial exposure and affecting cells that survive the initial insult. These changes may provide a link between acute phenobarbital exposure early in life with later-life alterations in cognitive function.
F I G U R E 3
The developmental maturation of miniature IPSC frequency is disrupted following early life exposure to phenobarbital. A, Representative mIPSCs in CA1 pyramidal neurons at different ages and treatments. B, Frequency of mIPSC was increased in the phenobarbitalexposed group at P14 (P < .05). From P14 to P29+ there was a significant increase in mIPSC frequency in the saline group (P < .05). The phenobarbital-exposed group did not display the expected developmental increase in mIPSC frequency between P14 and P29+, and the mIPSC frequency in this group was thus significantly less than that in the saline group at P29+ (P < .05). Neither mIPSC amplitude (C) nor decay (D) differed between treatment groups. However, mIPSC amplitude was significantly greater in the saline-exposed at P29+ compared to P14 (P < .05). Moreover, mIPSC decay was significantly faster in both the saline and phenobarbital groups at P29+ as compared to P14 (Ps < 0.05). * = significantly different than saline within age group, P < .05; # significantly difference between P14 and P29+ for a given drug treatment, P < .05
During the course of typical hippocampal development, the input resistance (Rm) of CA1 neurons reaches adultlike levels by the end of the second postnatal week. 28 Similarly, the membrane time constant has been reported to increase by~25% from P10 to P15. 29 Moreover, increased membrane capacitance (~29) has been reported in synaptically mature versus immature CA1 neurons. 27 No differences were found in the saline-treated animals as a function of age (P14 vs P29+), consistent with the reported time course of maturation for these parameters. Moreover, we found no difference in Rm between treated groups, but a faster time constant and reduced capacitance in neurons from animals exposed to phenobarbital. These phenotypes may be consistent with a less mature neuronal phenotype in cells from phenobarbital-treated animals. Our finding that phenobarbital exposure increased the frequency of mIPSCs is similar to that seen after neonatal anesthesia exposure. For example, neonatal exposure to propofol results in an increase in mIPSC, but not sIPSC frequency in CA1 neurons. 30, 31 A similar profile has been reported after sevoflurane exposure. 32 Of interest, etomidate exposure during the same period (ie, P4-P6) does not induce long-term alterations in IPSC frequency. 33 Collectively, these data, along with our current experiments, suggest that not all GABA-acting agents produce equivalent profiles of developmental disruption. The case of etomidate is particularly interesting, as the degree to which it induces apoptosis during brain development is unknown. The only study to evaluate etomidate effects on apoptosis was conducted in P10 animals, 34 a suboptimal time point, as it is beyond the period of peak vulnerability to proapoptotic effects of anesthetics and antiseizure medications. The degree to which the effects we report here with phenobarbital and others have reported with propofol and sevoflurane will generalize to drugs with a non-GABAergic mechanism of action remains to be studied. This is of importance, as many classes of antiseizure medications work through alternative pathways. For example, voltage-gated sodium channel blockers (eg, phenytoin, carbamazepine, lamotrigine) all are capable of inducing apoptosis; phenytoin does so at therapeutically relevant doses, 5, 7 carbamazepine at supratherapeutic doses, and lamotrigine at supratherapeutic doses or as part of polytherapy with other drugs. 35, 36 Moreover, phenytoin and lamotrigine both disrupt striatal synaptic maturation. 11 It would thus be of interest to determine if these compounds, like phenobarbital, also impair hippocampal synaptic maturation.
The increase in mIPSC frequency we observed at P14 was reversed by P29+. In saline-exposed animals, a normal developmental increase in mIPSC frequency was observed from P14 to P29; this is consistent with the previously reported developmental increases in mIPSC frequency in CA1. 37, 38 In contrast to the pattern seen in the salineexposed group, the phenobarbital-exposed group did not display a developmental increase in mIPSC frequency; by P29, this group displayed a significantly lower frequency than the age-matched saline group. This is similar to the profile we have reported previously in striatum after neonatal phenobarbital exposure. In striatum, a less mature profile of synaptic development was found after exposure to F I G U R E 4 Developmental exposure to phenobarbital increases tonic GABA current. A, Representative recordings (at P14) showing the shift in holding current after the application of bicuculline methobromide (BMR) indicating the present of a tonic GABA current. B, Tonic GABA current was significantly increased as compared to saline at P14; at P29+, tonic current did not differ between treatments, and was significantly (P < .05) reduced compared to P14. * = significantly different than saline within age group, P < .05; # significantly difference between P14 and P29+ for a given drug treatment, P < .05 phenobarbital, phenytoin, or lamotrigine. This was reflected by a decrease in both IPSC and EPSC frequency. 11 Furthermore, the less mature network phenotype we observed in phenobarbital-exposed slices, which was marked by the persistence of GDPs, is likewise consistent with the less mature network status previously reported in striatum. We found an increase in sIPSC amplitude from P14 to P29+ in saline-but not phenobarbital-treated groups. This increase in sIPSC amplitude is consistent with a prior report. 38 Similarly consistent with prior reports, we found a speeding of decay kinetics for mIPSCs across the developmental window studied. 37, 38 The hippocampal network implications of heightened early-life mIPSC frequency, followed by impaired later-inlife mIPSC frequency in the present study, are unknown. However, the differences in IPSC frequency between groups, which were not accompanied by differences in amplitude or decay kinetics, suggests a presynaptic alteration in GABAergic interneuron activity. This finding would be consistent with either a change in release probability or number of synapses. Given the dissociation between the impact of phenobarbital exposure on mIPSC and sIPSCs, an interesting avenue for future exploration will be to examine feed-forward inhibition of GABAergic microcircuits within CA1. In the presence of intact network activity, enhanced action potential evoked IPSC frequency may be held in check by a subsequent reduction in the activity of interneurons. Thus the impact of phenobarbital exposure on interneurons within this region will be important to examine.
The increased number of GDPs in phenobarbitalexposed animals likewise suggests a less mature hippocampal phenotype. Although these large-amplitude, GABAmediated events are best described in the CA3 subfield of the hippocampus, 26 they can be detected throughout all subregions of the hippocampus. These events have been proposed as a mechanism to help synchronize early hippocampal networks and promote synaptic development. In the rat, GDPs occur with a low (0.1 Hz) frequency in CA1 between P5 and P7. 39 Indeed, by P12, less than half of slices display GDPs, whereas in the first postnatal week, they are ubiquitous. 40 The early network oscillations in CA1 that are driven by these GDPs occur early in postnatal development and are absent by P15/16. 27 Here, we found that GDPs persisted in slices from animals treated with phenobarbital, albeit with very low occurrence. Although rare in recordings from control animals, GDPs were present in 68% of cells from animals treated with phenobarbital. The persistence of these GDPs brings further support to a less mature network phenotype with phenobarbital exposure. The functional significance of the persistence of these large GABAergic events likely depends on the maturational state of the hippocampus. Early in postnatal development, GABA is excitatory; depolarizing effects of GABA are due to the high intracellular chloride concentration in developing neurons. Typically, by the third postnatal week, neurons in CA1 exhibit adult-like GABA reversal potentials (E GABA ). 41 For neurons with immature E GABA , the persistence of large, coordinated GABAergic events would be expected to be excitatory (ie, a GDP). For neurons with mature E GABA , such coordinated GABAergic input would be profoundly inhibitory. Note that in whole-cell recording, we cannot determine the degree to which the giant potentials we detected would be depolarizing or hyperpolarizing for a given cell at its physiological chloride concentration,
phenobarbital results in increased occurrence of giant depolarizing potentials (GDPs). A, Representative current clamp trace recorded from a neuron in the phenobarbital-exposed group; the frequency of GDP occurrence in this cell was 0.1 Hz. B, Expanded view of a GDP from (E). C, GDP frequency tabulated on an animal-by-animal basis; * = significantly different than saline, P < .05. D, E, GDP frequency tabulated as a function of total cells recorded from the saline-(D) and phenobarbital-(E) treated groups. E, GDP amplitude did not differ between groups n.s. = not significantly different but given our findings, changes in E GABA with phenobarbital treatment should be further investigated.
Tonic GABA currents are present early in development in the hippocampus, where they exert a depolarizing influence on pyramidal cells in CA1. 42 In fact, this tonic current appears prior to synaptic currents in the developing hippocampus, 43 and may contribute to the excitation needed for early network oscillations. 21 The enhanced tonic current we observed in neurons from phenobarbital-exposed rats may thus be consistent with the higher frequency of GDPs we observed. In hippocampal neurons, tonic GABA currents are primarily mediated by alpha5 and delta subunits containing GABA receptors. 44 The degree to which alterations in the expression of these subunits can account for the increased tonic current we observed in phenobarbitaltreated animals, or by contrast, the degree to which changes in network activity leading to increased ambient GABA can account for these findings, remains to be explored. It is worth noting that the enhanced tonic GABA conductance observed in phenobarbital-exposed animals at P14 co-occurred with heightened mIPSC frequency. This effect was not present later in life, where both phenobarbital and control groups displayed significantly less tonic current than early in development. The degree to which increased extrasynaptic GABA is elevated early in life after phenobarbital exposure, perhaps secondarily to increased IPSC frequency, remains to be explored. Neonatal phenobarbital exposure has been associated with a host of alterations in behavior, including behavioral domains that are linked to hippocampal function. Hippocampal-associated deficits after early life phenobarbital exposure include impaired Morris water maze learning and retention, 14, 19 deficits in passive avoidance, 15, 16 deficits in fear conditioning, 14 impaired sensorimotor gating, [12] [13] [14] [15] [16] impaired spontaneous alternation in the T-maze, 20 and impaired radial arm maze performance. 18 Similar profiles of water maze deficits have been reported after anesthesia exposure. 10 Of interest, sevoflurane, propofol, 45 and isoflurane/nitrous oxide/midazolam 10 all also disrupt long-term potentiation in the hippocampus. The impaired long-term potentiation (LTP) reported after anesthesia exposure, along with the alterations in CA1 synaptic development we report here, underscores the importance of future characterization of LTP following early life phenobarbital exposure. Our present study adds to a growing literature documenting long-lasting impacts of early life exposure to antiseizure medications. Our findings indicate a less mature network phenotype in the hippocampus of phenobarbital-exposed rat pups, and provide a possible mechanism bridging early life exposure to phenobarbital with the lasting behavioral changes that have reported. Identification of strategies to mitigate these changes in synaptic transmission and/or identification of antiseizure therapies that avoid these deleterious effects may enable improved treatment of seizures in pregnant women with epilepsy and neonates. Further characterization of the neurophysiological and neurodevelopmental impact of exposure to phenobarbital, and other antiseizure medications is clearly warranted.
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